We present the realization of the multiperiodic optical pendulum effect in 1D porous silicon photonic crystals (PhCs) under dynamical Bragg diffraction in the Laue scheme. The diffractionthick PhC contained 360 spatial periods with a large variation of the refractive index of adjacent layers of 0.4. The experiments reveal switching of the light leaving the PhC between the two spatial directions, which correspond to Laue diffraction maxima, as the fundamental wavelength or polarization of the incident light is varied. A similar effect can be achieved when the temperature of the sample or the intensity of the additional laser beam illuminating the crystal are changed. We show that in our PhC structures, the spectral period of the pendulum effect is down to 5 nm, while the thermal period is about 10 C. V C 2015 AIP Publishing LLC.
Optical pendulum effect in one-dimensional diffraction-thick porous silicon based photonic crystals We present the realization of the multiperiodic optical pendulum effect in 1D porous silicon photonic crystals (PhCs) under dynamical Bragg diffraction in the Laue scheme. The diffractionthick PhC contained 360 spatial periods with a large variation of the refractive index of adjacent layers of 0.4. The experiments reveal switching of the light leaving the PhC between the two spatial directions, which correspond to Laue diffraction maxima, as the fundamental wavelength or polarization of the incident light is varied. A similar effect can be achieved when the temperature of the sample or the intensity of the additional laser beam illuminating the crystal are changed. We show that in our PhC structures, the spectral period of the pendulum effect is down to 5 nm, while the thermal period is about 10 C. Dynamical Bragg diffraction in the Laue scheme originates from multiple wave scattering in a spatially periodic structure and leads to a number of specific effects, such as the Borrmann phenomenon, 1,2 pendulum effect, 3, 4 spatial beam splitting, 5 etc. These effects were studied in detail in the cases of X-rays 6, 7 and neutron beam interaction 8 with crystals. Recently, similar phenomena were also observed for optical radiation interacting with photonic crystals (PhCs). 9, 10, [12] [13] [14] [15] [16] [17] [18] [19] Moreover, temporal splitting of femtosecond light pulses was predicted and observed under dynamical Bragg diffraction in the Laue scheme in 1D PhCs. [20] [21] [22] [23] The pendulum effect, which was discovered nearly a century ago 2 for X-rays, is a periodic transfer of beam energy between transmitted and diffracted waves existing in a crystal under Bragg conditions in the Laue geometry of diffraction. From an experimental point of view, the pendulum effect was studied predominantly for X-rays, however, in the last decade it was also observed for a few types of photonic crystals, [12] [13] [14] where a small number of oscillations was seen. In addition to the interesting underlying physics, this effect may potentially be very important to the control of light propagation in light modulators, sensors, and switches. It is described theoretically within the Laue dynamical diffraction formalism and is applied to the two electromagnetic field modes (the so called Borrmann and anti-Borrmann modes). According to the Bloch theorem, each of them consists of two diffraction-coupled waves, the first propagating in the transmission direction and the second in the diffraction direction. 11, 20 It is important to note that the pendulum effect is significant only in the case of so called diffraction-thick PhCs, where many-fold oscillations of energy between the transmitted and diffracted waves occur. In other words, the optical path within the structure should be much larger compared to the optical extinction length. 20 In order to achieve a high sensitivity of the pendulum effect, a strong modulation of the refractive index of the PhC adjacent layers Dn is required, which is not an easy task from a technological point of view and has not been realized to date. In this paper, we demonstrate the pendulum effect in a diffraction-thick porous silicon-based 1D photonic crystal accompanied by spectral, polarization, thermal, and lightinduced switching of the outgoing light beams.
II. EXPERIMENTAL
The experiments were performed on 1D porous silicon based PhCs made using a procedure described in detail elsewhere. 25 Briefly, a p-type Si(001) wafer with a resistivity of 0.005 X cm was used as an anode in a two-electrode electrochemical cell with a platinum wire used as cathode and an aqueous-alcohol 21% (by weight) hydrogen fluoride (HF) electrolyte solution. The constituting porous silicon layers with low and high porosity (0.63 and 0.8, correspondingly) and thicknesses of 600 nm each were formed by periodic modulation of the current density (40 mA/cm 2 and 200 mA/cm 2 ), so that the refractive indices of the layers were n 1 ¼ 1.32 and n 2 ¼ 1.77 (Dn ¼ 0:4) for a wavelength of 1150 nm. The studied PhC contained 360 spatial periods with an overall thickness of 430 lm and a length of approximately 600 lm.
The experimental setup is shown schematically in Fig. 1 . The linearly polarized radiation of a tunable optical parametric oscillator (OPO) laser system with a pulse duration of 10 ns was used. A spatial filter with a 30 lm aperture was used to form a Gaussian beam. The polarization plane of the fundamental beam was controlled by a double Fresnel rhombus. After the initial spatial filtration, the idler beam of the OPO system was focused onto a spot of 50 lm diameter on the PhC facet. The angle of incidence h coincided with the Bragg condition k ¼ 2d sin h B , where the Bragg angle h B is 28. 5 for the considered experimental conditions. The intensity of the transmitted and diffracted beams passing through the PhC was measured by silicon photodiodes. To prevent the detection of scattered light, the PhC was placed between opaque screens that form a slit (not shown in the figure). The sample could be heated up to 100 C, the temperature controlled by a thermocouple and kept constant with an accuracy of 1 C. The PhC transmission coefficient for both the direct and diffracted beams was approximately 10% À 15% in the studied spectral range. Figure 2 shows the intensity spectra of the transmitted (T) and diffracted (D) beams measured in the vicinity of 1150 nm wavelength for the fixed Bragg angle of incidence. Spectral oscillations shifted in phase to p are observed for the two (T and D) channels, which indicate that the pendulum effect is observed under variation of the optical wavelength of the probe beam. It is clear from the data shown in Figs. 2(a) and 2(b) that this effect is rather sensitive to the polarization of the propagating light; the spectral period is l p % 5 nm for the p-polarized probe light and l s % 11 nm for the s-polarized probe light. This is also shown in Fig. 2(c) , where the spectral dependencies of the pendulum effect for the two polarizations of incident light are shown. It can be seen that in the case of our particular PhC, a polarization beam-splitter can be realized for wavelengths close to 1142 nm, so that the s-polarized light propagates in the T-direction while the p-polarized radiation propagates in the D-direction. This polarization sensitivity originates mainly from the intrinsic structural anisotropy of 1D PhCs and from the material anisotropy of porous silicon. 24 It is worth noting that such a small spectral period of pendulum effect is the result of a large value of Dn or the small extinction depth of our PhC. The contrast of the transmitted and diffracted intensity variations in Fig. 2 is rather high and approaches unity, which indicates that the fabricated PhC is of a high quality and has potential for many possible applications.
We also demonstrate the pendulum effect induced by the variation of the refractive index of the PhC layers by direct thermal heating of the structure or by means of intense laser illumination, which leads to a modulation of the contrast, Dn. In the latter case, all-optical switching can be realized. In our experiments, the signal beam of the same OPO system with a wavelength of k % 518 À 521 nm and a peak . Figure 3(a) shows the intensity spectra of the transmitted beam observed with and without pump illumination. Again we demonstrate that a reversible light-induced switching of the pendulum effect in porous silicon-based PhCs is realized. It is worth noting that the intensity contrast in this case is smaller compared to the case shown in Figure 2 . This is attributed to a relative increase of the scattered pump radiation, as we had to remove the opaque screens in order to provide light pumping from the PhC side.
In this case, the switching is evidently due to the laser heating the porous silicon PhC and the corresponding variation of Dn. The effects of free carrier generation are not taken into account because the pump light is absorbed within a few microns thick layer of the porous silicon PhC. So only heating changes the refractive index in the depth of the PhC. This was confirmed by independent measurements of the modification of the intensity spectrum in the transmitted beam under the effect of PhC heating. Figure 3(b) shows the experimental 2D intensity spectra of the transmitted beam as a function of the PhC temperature and of the wavelength of the p-polarized probe beam. It shows more than ten periods of the pendulum effect for a 60 nm wide spectral range. A continuous shift of the pendulum spectrum to larger wavelengths is observed as the PhC temperature is increased. This shift is attributed to thermooptical properties of silicon with dn=dT ¼ 2:15 Â 10 À4 K À1 . 26 An estimation of porous silicon thermal expansion shows that this effect is negligible because of the small thermal expansion coefficient of silicon a ¼ 2:6 Â 10 À6 K À1 , so the PhC size changes by only a few nanometers.
As seen in Fig. 3(b) , the direction of light leaving the PhC can be switched from the transmitted beam to the diffracted one and vice versa as the PhC temperature is changed by DT % 10 À 15 C.
III. DISCUSSION AND SUMMARY
The origin of the pendulum effect is the interaction of the four strong waves existing in a PhC, described by the wave vectors q 20 This means that under the described experimental geometry, there is no diffraction-induced wave attenuation and no photonic band gaps (PBG) are formed. This is demonstrated by the calculations of the dispersion curves xðq z Þ for q x ¼ const from the interval ½0; 4p=d (Fig.  4(b) ). For each value of k in;x , the corresponding curve xðq z ; q 0x ¼ k in;x Þ lies within a pass band of the PhC marked by the shaded areas in Fig. 4(b) . It can be seen from Figure  4 (b) that the frequency corresponding to the m-th order of diffraction in the Laue geometry x L ¼ mhc=2 sin h is always larger than that of the m-th Bragg PBG x B ¼ mhc=2n ef f , because sin h < 1 < n ef f , where h is the angle of incidence, n eff is the effective Bloch refractive index, and c is the light velocity in vacuum. For the particular case of the porous silicon-based PhC described above, first and second orders of diffraction with q 0x ¼ h=2 and q 0x ¼ h can be attained for the frequency x L , shown by black points in Fig. 4(b) . The third-order Laue diffraction is not observed due to the violation of the condition
The spatial field distribution inside the PhC formed by the interference of the four Borrmann and anti-Borrmann waves is described by the spatial period K ¼ 2K ex given by the extinction length K ex ðDn; kÞ ¼ p=jq 
where k 0 is the wavelength in vacuum, n e is the average refractive index of PhC, the polarization factor C s ¼ 1 and C p % cos h 0 for s-and p-polarizations of radiation, h 0 is the angle between the vectors q 0 and q h inside the PhC, and the Fourier component of the permittivity is jv h j $ n e Dn. Switching of the output beam energy between the transmitted and diffracted directions under a small variation of K ex ðDn; k; C s;p Þ can be realized for a diffraction-thick PhC, i.e., as L=K ex ¼ N ) 1, L being the PhC length. In this case, switching is observed if N is changed on unit, L=ðK ex 7dK ex Þ ¼ N61; then the corresponding variation of the extinction depth is dK ex % K ex =N. These expressions explain why quite a few periods of the pendulum effect were realized in recent experiments on microwave 14 and optical PhCs, 12 as Dn in these structures is rather small (Dn < 0:01, compared to Dn ¼ 0:4 in our samples).
Estimations made using Eq. (1) show that, for the parameters of the experimental PhC (length L % 270K ex and Dn ¼ 0:4), pendulum switching can be assured by varying the refractive index contrast dðDnÞ ¼ Dn=N ¼ 1:5 Â 10 À3 , changing the polarization factor from C p to C s , or by tuning the incident wavelength dk ¼ 5 nm. Figure 5 shows the spatial distribution of the field intensity within the PhC calculated for different polarizations of the incident wave, which comes from the top left. The direct (J 0 ) and diffracted (J h ) wave distributions are shown in the left and right subfigures, respectively, and were calculated separately. It is clear from Fig. 5 that at the initial stage, as the incident wave enters the top edge of the crystal, the field is concentrated only in the direct wave J 0 for both polarizations of the incident radiation. After passing a distance of K ex within the PhC, the field is concentrated in the diffracted wave J h , which corresponds to minimum J 0 and maximum J h intensity distributions. After the light beam passes the distance of two K ex 's, the field is concentrated again in the direct wave. Such a switching process is repeated with a period of 2K ex . In this simulation we have chosen the length of the PhC equal to an odd number of K ex 's (13K ex ) achieved in the case of p-polarization, that corresponds to an even number (16K ex ) in the case of s-polarized light. Therefore, in the first case, all the energy is transferred to the diffracted wave and in the second one to the direct wave, so polarization switching is realized.
Thermal switching was modeled as well. The corresponding results are shown in Fig. 3(c) . It can be seen that the period of the pendulum oscillations and the thermal shift of the periodic pattern are close to those measured experimentally. The thermooptical constants for porous silicon are calculated on the basis of the Bruggeman effective medium approximation for air-silicon composition. Some discrepancies between the experimental and theoretical results originate from an uncertainty of the dn/dT value for crystalline silicon found in the literature 26, 27 and by the limitation of the results given by the effective medium approximation and two wave approximation of dynamical diffraction theory. Summing up, the optical pendulum effect is observed experimentally in porous silicon based diffraction-thick 1D photonic crystal in the Laue scheme of dynamical Bragg diffraction. Large modulation of the refractive index of the adjacent PhC layers provides small periods of spectral dependences of the pendulum effect of 5 nm and 11 nm for the p-and s-polarization of the probe beam. The performed numerical calculations of these effects are in good agreement with the experimental results. We show that both light-and temperature-induced switching of light propagation between the transmitted and diffracted directions can be realized in the case of porous silicon based PhC. The demonstrated polarization sensitivity of the effect allows one to realize a compact polarizing beam-splitter.
